It is well known that congenitally blind adults have enhanced auditory processing for some tasks. For instance, they show supra-normal capacity to perceive accelerated speech. However, only a few studies have investigated basic auditory processing in this population. In this study, we investigated if pitch processing enhancement in the blind is a domain-general or domain-specific phenomenon, and if pitch processing shares the same properties as in the sighted regarding how scores from different domains are associated. Fifteen congenitally blind adults and fifteen sighted adults participated in the study. We first created a set of personalized native and non-native vowel stimuli using an identification and rating task. Then, an adaptive discrimination paradigm was used to determine the frequency difference limen for pitch direction identification of speech (native and non-native vowels) and non-speech stimuli (musical instruments and pure tones). The results show that the blind participants had better discrimination thresholds than controls for native vowels, music stimuli, and pure tones. Whereas within the blind group, the discrimination thresholds were smaller for musical stimuli than speech stimuli, replicating previous findings in sighted participants, we did not find this effect in the current control group. Further analyses indicate that older sighted participants show higher thresholds for instrument sounds compared to speech sounds. This effect of age was not found in the blind group. Moreover, the scores across domains were not associated to the same extent in the blind as they were in the sighted. In conclusion, in addition to providing further evidence of compensatory auditory mechanisms in early blind individuals, our results point to differences in how auditory processing is modulated in this population.
Introduction
Congenital blindness is one of the models used to study long-term neuroplasticity. Indeed, signs of cerebral reorganization are found in the function and the structure of the brains of individuals who never saw or lost sight at an early age. For instance, the brain areas that are traditionally devoted to visual and multisensory processing are taken over by tactile processing (Burton et al., 2004; Weaver and Stevens, 2007) , auditory processing (Kujala et al., 1995; Stevens and Weaver, 2009; Weaver and Stevens, 2007) , or higher level functions such as language (Burton et al., 2003; Röder et al., 2002) and memory (Amedi et al., 2003; Bonino et al., 2008) . Changes are apparent in the functional connectivity of these brain areas (Bedny et al., 2011; Collignon et al., 2011; Sani et al., 2010; Weeks et al., 2000) . The neuroplastic reorganization of a congenitally blind adult's brain also manifests itself in changes in cortical thickness (Anurova et al., 2014; Jiang et al., 2009; Park et al., 2009; Voss and Zatorre, 2012) , volume (Lepore et al., 2010; Pan et al., 2007; Park et al., 2009; Ptito et al., 2008) , and structural connectivity (Park et al., 2007; Shimony et al., 2006; Shu et al., 2009a Shu et al., , 2009b Yu et al., 2007) .
In addition, behavioral differences are observed in blind adults when they process auditory information. Studies have shown that some blind participants have better capacities to localize sounds and to navigate in space using sound information (Teng et al., 2012; Voss et al., 2011) . In the domain of speech, where vision usually plays an important role -during speech acquisition (Kuhl et al., 1992) and in faceto-face communication (Hubbard et al., 2009; McNeill, 1992; Sumby and Pollack, 1954) -compensatory mechanisms in the auditory modality are also evident. Indeed, visually deprived adults are better than sighted adults in the acoustic discrimination of syllables (Hugdahl et al., 2004) and vowels (Ménard et al., 2009) , and in the perception of words in noise (Muchnik et al., 1991; Niemeyer and Starlinger, 1981) ; they also respond faster than controls in a lexical decision task (Röder et al., 2003) . Blind adults also show stunning abilities to understand artificially accelerated speech up to a rate of 18 syllables/sec (Dietrich et al., 2011 (Dietrich et al., , 2013 Hertrich et al., 2013a Hertrich et al., , 2013b Hertrich et al., , 2009 Moos and Trouvain, 2007; Trouvain, 2007) compared to rates of 8-10 syllables/ sec in sighted controls (Trouvain, 2007) . Neuroimaging studies reveal that the cerebral networks that are recruited for this kind of task differ from the recruited areas in controls with, for instance, cross-modal recruitment of visual and multisensory areas in the blind (Arnaud et al., 2013; Burton et al., 2003 Burton et al., , 2002 Dietrich et al., 2013; Hertrich et al., 2009) .
Regarding pitch processing, neuroimaging studies have drawn links between, on one hand, performance on pitch processing tasks, and on the other hand, changes in the cerebral structure, e.g. cortical thickness, grey matter concentration and magnetization transfer ratio in occipital areas in blind participants (Voss et al., 2014; Voss and Zatorre, 2012) . However, a fMRI study of the processing of pitch vs. spatial properties of sounds failed at identifying cross-modal activity of occipital areas specific to pitch processing, as opposed to the spatial processing of the same sounds, (Collignon et al., 2011) and in a MEG study on speech perception group differences between blind and sighted in pitch periodicity-correlated activity was found in the primary auditory areas of the blind and not in occipital areas (Hertrich et al., 2013b) .
The rationale behind the current study was to test if enhanced pitch processing abilities in the blind are specific to pure tones or if it extends to complex sounds such as speech sounds. Indeed, previous works have found better processing of speech for higher level tasks such as better understanding of accelerated sentences, better identification of syllables or vowel contrasts but we ignore if enhanced perception of physical properties of the sounds, such as pitch, is enhanced for speech sounds in the blind. In addition to testing enhanced pitch processing in speech sounds in the blind, we question here the impact of experience or familiarity with the stimuli (native vs. non-native) and domain (speech vs. music). To our knowledge, the question of domain specificity of the auditory advantage of the blind has not been tested before.
In summary, even though there is evidence of auditory compensation in speech processing in the blind, the full extent of these enhanced abilities is not well known. Studies have shown better pitch discrimination thresholds (Gougoux et al., 2004; Rokem and Ahissar, 2009; Voss and Zatorre, 2012; Wan et al., 2010) and better temporal consolidation (Stevens and Weaver, 2005) in the blind compared to controls for pure tones. There are, however, few studies that have investigated basic auditory acuity of the blind for sounds other than pure tones, so it is still unclear if this is a domain-general or domain-specific ability. Enhanced processing of basic acoustic cues in speech could contribute to the enhanced ability to process speech observed in blind adults (e.g. ultra fast speech comprehension). A challenge when comparing the processing of sounds from different categories (e.g. music, speech etc.) is the choice of comparable stimuli. In the current study, we chose to compare processing of music units (isolated instrument notes) and speech units (e.g. isolated vowels).
The objective of this study was to further define the extent of enhanced auditory processing in congenitally blind individuals. Specifically, we focused on the auditory acuity of congenitally blind adults for pitch discrimination of complex sounds coming from different acoustic domains (speech and music). We included native and nonnative speech sounds to assess the impact of stimulus familiarity. The first experiment focused on the selection of a personalized set of native and non-native vowel stimuli for each participant. In the second experiment, participants underwent an adaptive pitch discrimination task on the individually selected stimuli -native and non-native vowels -as well as on non-speech sounds -instrument sounds and pure tones. The experimental design allowed for the comparison of pitch discrimination thresholds between groups (blind and control).
Experiment 1 -Vowel identification and rating

Methods
Participants
Fifteen congenitally (onset of blindness during or before birth, n = 12) and early (onset of blindness before 12 months, n = 3) blind adults and fifteen sighted adults (control group) ranging from 24 to 64 years of age participated in this study (see Table 4 for demographic information on participants including cause and onset of blindness for blind participants). All participants were native speakers of Canadian French and self-identified as monolinguals. The two groups were matched on: age, gender, number of years of education, and number of years of formal musical training. The experiment was performed in accordance with the ethical standards in the 2004 Declaration of Helsinki and requirements of the Faculty of Medicine, McGill University. The consent form was read to the blind participants. All participants provided written consent.
Experimental design
The objective of the study was to determine, for congenitally blind participants and controls, the frequency difference limen (FDL) of pitchdirection identification for native vowels, non-native vowels, instrument sounds and pure tones. The experiment was divided into two parts. The objective of the first part was to create a personalized corpus of native and non-native vowels for each participant. Participants had to identify if the vowels they heard were 'French' or 'non-French' and rate them based on their quality (see details below). Then on a second visit, participants performed the pitch-direction identification task on a personalized set of two native vowels, two non-native vowels and three non-speech sounds (pure tone, cello, piano).
2.1.2.1. Corpus creation 2.1.2.1.1. Stimuli. During the first visit, participants listened to a set of 108 vowels. Nine variants of each of the 6 native (French) vowels /i/, /y/, /u/, /e/, /ə/, /a/, and 9 variants of each of the 6 non-native vowels /ɨ/ /ʉ/ /ɯ/ /ʊ/ /ɤ/ and /ʌ/ (see Fig. 1 ) were selected for this part and presented to each participant. The vowels were synthesized using the Fig. 1 . Native and non-native vowels used in identification and rating task. Nine tokens of each of 6 native (i y u e ə a) and 6 non-native (ɨ ʉ ɯ ʊ ɤ ʌ) vowels were presented to participants in an identification and rating task. For each vowel category, eight variants were then synthesized around the reference prototype by modifying the values of the first two formants in 5% steps.
Variable Linear Articulatory Model (VLAM) (Boë and Maeda, 1998) which is based on Maeda's model (Maeda, 1979) . This program allows a precise manipulation of all acoustic features of vowel sounds, namely: duration, formant frequency bandwidth, and fundamental frequency (f0) for different ages. Here we chose to use synthesized vowels which would be produced by a 21 y.o. male, with a f0 of 112 Hz. The formant values of the 'reference' prototypes were chosen according to the values of reference provided in the VLAM model for each vowel category (see Table 1 ).
For each vowel category, eight variants were then synthesized around the 'reference' prototype by modifying the values of the first two formants by 5% steps. The only acoustic differences between the 9 variants of one vowel category were the values of the first two formants F1 and F2 (see Fig. 1 ).
2.1.2.1.2. Procedure. Participants listened to the 108 randomly presented vowels using Presentation® software (Version 18.1, Neurobehavioral Systems, Inc., Berkeley, CA, www.neurobs.com) through headphones. Control participants wore blindfolds to avoid visual distraction.
Participants were asked to identify whether the presented vowel was French or 'not French', and in the case of a French vowel to rate the vowel quality on a scale from 1 to 7. The duration of the task was about 10 min.
Analyses
The participants' task was to identify the vowels by giving a verbal answer to the investigator. For the analysis of the identification results, we classified the answers into 8 categories: /i/, /y/, /u/, /e/, /ə/, /a/, /ɛ/, /o /. Indeed, to simplify the task for the participant and keep it short we did not ask them to distinguish between the French categories /ø/, /ə/, or /oe/, so all these answers were grouped together during the analysis of the identification results. Likewise, the answers /a/ and /ɑ/, and /o/ or /ɔ/ were grouped together.
Results
Vowel identification and quality rating
We obtained identification and quality ratings of the 108 vowels for each participant. Overall, the variants of the native vowels (/i/, /y/, /u/, /e/, /ə/ and /a/) were correctly identified and received high ratings (see Table 2 ). However, the variant of the native vowels that received the highest rating varied among the participants. For each of the native variants, we calculated the percentage of participants who rated it as one of the best variants of the category. On average, the percentage of agreement was 49.7 ± 14.2% [min= 20.0% max = 83.3%].
The variants of the non-native vowels (/ɨ/, /ʉ/, /ɯ/, /ʊ/, /ɤ/, and /ʌ/) were either correctly identified as non-native vowels or as /ə/ (see Table 3 ) except for /ɨ/, which was most often identified as /y/. When non-native vowels were identified as native vowels, they received a low rating (see Fig. 2 ).
The proportion of non-native answers varied across individuals. On average, participants identified 16 ± 13 [min = 0, max = 41] stimuli as non-native. It should be noted, however, that participants who never or rarely identified vowels as non-native instead identified them as variants of the French vowel /ə/ with a low rating.
Selection of native and non-native stimuli
The objective of the identification and rating task was to select personalized native and non-native variants for each participant.
The French vowels that were best identified and received the highest ratings were /i/, /a/, and /y/. /y/ was used for the practice block of the pitch processing task and /i/ and /a/ were chosen for the test blocks.
The vowels /ɯ/ and /ɤ/ were selected as the non-native categories of the pitch task because questionnaires revealed that many participants also had English as a second language, and contrary to /ʊ/ and /ʌ/ they are not produced in English. The vowel /ʉ/ wasn't chosen because despite being more often identified as non-native than /ɤ/ it was also often identified as two different French categories /y/ and /ə/.
For each participant, the best variant of each of the native vowels /i/, and /a/, was defined as one of the vowels that was correctly identified and received the highest rating. For all participants, at least one variant of each of these two vowel categories received a rating of 5, 6 or 7 except for one participant for whom the highest rating for the vowel /a/ was 4 and one participant whose highest rating for the vowel /a/ was 2.
For each participant, the best variant of each of the non-native Table 2 Percentage of identification of native vowels and average rating for correctly identified vowels. Averages are calculated over the 9 variants of each vowel category for all participants. Note that /ø/, /ə/, and /oe/ answers were grouped together as well as /o/ and /ɔ/ Rating of the quality of pronunciation of correctly identified native vowels. The rating scale was between 1 (bad pronunciation) and 7 (good pronunciation). Table 3 Percentage of identification of non-native vowels. Averages are calculated over the 9 variants of each vowel category for all participants. Note that /ø/, /ə/, and /oe/ answers were grouped together as well as /o/ and /ɔ/. stimuli, /ɯ/ and /ɤ/, was one of the non-native vowels identified as 'non-French' or one among those that received the lowest rating. For all participants, at least one variant of each of these vowels was identified as non-native (n = 41) or received a rating of 1 (n = 13), 2 (n = 2), or 3 (n = 3), except for one participant whose lowest rating of the variants of the vowel /ɤ/ was 4.
Experiment 2 -Pitch-direction identification task
3.1. Methods
Stimuli
For the pitch-direction identification task, stimuli were chosen according to the results of the identification and rating task. For each participant, we selected a set comprising the best exemplar of /i/ and /a/ and the best exemplar (i.e. 'non-native' labeling or lowest rating) of non-native vowels /ɯ/ and /ɤ/. As a result, each participant had his or her own set of native and non-native vowels.
To create the 'non-speech' stimuli, one pure tone was synthesized (f0 = 110 Hz, duration = 600 ms, ramps of 10 ms). The instrument notes (cello and piano) were synthesized using Sibelius 7.5 (Avid) and the sound database Sibelius 7.0. The mean-energy intensity of all stimuli was adjusted so that the loudness, evaluated using the Loudness Toolbox (Genesis S.A based on Zwicker and Fastl (1999) ), was between 21 and 22 sones. Fig. 3 presents ome spectrogram examples.
Adaptive procedure
Frequency difference limens (FDLs) for pitch-direction identification were measured for each condition, using a two-interval, forcedchoice procedure with a three-down, one-up tracking algorithm, estimating the 83.15%-correct point (Garcıá-Pérez, 1998) . At each trial, two successive stimuli were presented. The only differences between both stimuli was the value of the fundamental frequency and the intensity (see below). The listeners were instructed to focus on the stimuli pitch and their task was to indicate if the pitch of the second stimulus was going up or down compared to the first stimulus. For each trial, a reference fundamental frequency was randomly chosen in the interval 100-120 Hz varying by steps of 0.01 Hz. The sign of the f0 shift and the order of presentation was randomly chosen at each trial (i.e. the probability of having a higher pitch interval was 50%). The inter-stimulus interval was 300 ms and the inter-trial interval was 400 ms. Before the test, participants received training with feedback for as many trials as they needed to understand the instructions. The training was done with a French vowel that was not presented during the actual test (i.e. the vowel /y/).
There were 7 conditions in total per participant (two native vowels, two non-native vowels, two instrument sounds, one pure tone). Each condition was presented within a block. The 7 blocks were randomized across speakers.
The stimuli were presented using a staircase procedure (Presentation, NBS) and we followed the recommendations of García-Pérez (2000 , 2011 to optimize the convergence of the trials. For a down step, the size of the new shift was divided by 1.41 and for an up step it was multiplied by 1.6. Before the first reversal, a 1up-1down procedure was used. The number of reversals to end the block was set to 16 in addition to the first reversal, which corresponded to an average of 82 trials (3-4 min) per block.
Because we used an adaptive design with step sizes in a non-integer ratio, the shifts needed for each trial could not be determined in advance. Therefore, the shifted stimuli were synthesized during the experiment during the inter-trial interval. The duration of this sequence (processed during the inter-trial interval) was about 100 ms. In addition to the controlled shift of pitch, a random shift of intensity (comprised between −3.5 dB and 3.5 dB Mathias et al., 2010) was applied independently to both stimuli of the pair to prevent the use of the inherent loudness difference (due to the f0 manipulation) to complete the Fig. 2 . Identification of non-native stimuli. Non-native vowels were either identified as non-native vowels or identified as native vowels and were given low ratings, except for /ɨ/, which was also recognized as a good /y/. task.
Analyses
The FDL was estimated as the average of the stimulus level at the last 16 reversal points and was transformed using a base-10 logarithmic transformation because a visual inspection of the histograms of the FDL data revealed that the data were not normally distributed. A mixed ANCOVA was carried out to assess: 1/ the effect of the between-group factor 'group' (blind vs. sighted), 2/ the effect of the within-group factor 'stimulus category' (native, non-native vowels, music instruments, and pure tones), and 3/ the interaction of both factors (group and stimulus category) on the FDL.
The number of years of formal musical training was also included in the analysis as a control variable.
Pearson product-moment correlation coefficients were computed to assess the relationship across the scores for the four categories of stimuli within each group. Bonferroni correction was applied to control for multiple comparisons.
Finally, a mixed ANOVA was carried out on the accuracy scores to assess the effect of the within-group factors 'intensity direction' (up, down) and 'pitch direction' (up, down) and the effect of the betweengroup factor 'group' (blind, sighted).
Results
Pitch-direction identification task
The objective of this experiment was to determine the FDL of pitchdirection identification for native vowels, non-native vowels, musical instruments, and pure tones for our two groups. The values of the pitchdirection identification thresholds for the four categories of stimuli are reported in Table 4 .
We ran a t-test to determine whether there was a difference in the number of years of formal musical training between the two groups. There was no statistical difference when taking into account all participants (t(28) = 0.585, p = 0.563) or only the participants with some formal musical training (t(8) = 0.8982, p = 0.3953).
A two-way ANCOVA was conducted that examined the effect of stimulus category and group on the FDL of pitch direction identification (see Fig. 4 ). The number of years of formal musical training was entered as a covariate and its effect was significant (p = 0.035). All results described below are corrected for this effect. There was a statistically significant interaction between the effects of group and stimulus category on the FDL, F (3,84) = 3.066, p = 0.032.
Simple main effects analysis showed that blind participants had lower thresholds than controls for music stimuli (p < 0.001), pure tones (p = 0.018), and French vowels (p = 0.039), but not for nonnative vowels (p = 0.121). Stimulus category had an effect only within the blind group, whose thresholds were smaller for music stimuli than for both native (p = 0.005) and non-native vowels (p = 0.004). Within the control group, stimulus category had no significant effect.
Correlation between the scores
Pearson product-moment correlation coefficients were computed to assess the relationship across the scores for the four categories of stimuli within each group. The Bonferroni-corrected p-value is p = 0.05/ 6 = 0.00833. Overall, there was a strong positive correlation between all pairs of variables (r > 0.75 and p < 0.002, R2 > 57% for all pairs) within the sighted group. However, within the blind group, only the scores for French and non-native vowels, and French vowels and instrument sounds were significantly correlated (r = 0. 
Effect of intensity and pitch directions on pitch direction identification accuracy
For each trial, in addition to the pitch shift that was applied using the adaptive procedure, a shift of intensity was randomly applied to prevent the participants to use the loudness difference to judge the pitch direction.
We wanted to test the effect of the direction of the pitch change and the intensity change on the accuracy scores to test if the there was an impact of direction of the intensity and pitch shifts within or across group. A mixed ANOVA with the accuracy score as the dependent variable revealed no significant three way interaction among pitch direction * intensity direction * group (F(1,28) = 0.424, p = 0.520). The pitch direction*group and the intensity direction*group interactions were not significant (F(1,28) = 1.646, p = 0.210; F(1,28)= 0.478, p = 0.495). There was a significant pitch direction*intensity direction interaction with the scores being better when the intensity shift was positive for negative pitch shift, and when the intensity shift was negative shift for positive pitch shift (F(1,28) = 15.658, p < 0.001). Finally the main effects of intensity direction, pitch direction, and group were not significant (F(1,28) = 0.057, p = 0.814; F(1,28) = 1.670, p = 0.207; F(1,28) = 0.809, p = 0.376). Fig. 3 . Signal (top) and spectrogram (bottom) representations of examples of stimuli used in the FDL task. Pitch and intensity contours are shown in blue and green respectively. Note that the pure tone appears to be clipped but this is an artifact due to the limited time resolution of the display window. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Discussion
The aim of the current study was to better understand the impact of visual deprivation on the auditory sensitivity of congenitally blind persons. In particular, we wanted to determine the extent of the auditory compensation for processing low level acoustic cues (pitch) in complex sounds. The questions we addressed were: (1) is the enhanced sensitivity for pitch variation in congenitally blind a domain-general or specific ability and is it modulated by stimulus familiarity?; (2) Are the characteristics of pitch processing the same as those observed in sighted and, specifically, do we find in the blind a) an advantage for musical stimuli compared to speech stimuli? b) a high degree of association between the scores from the different domains?
In summary, the results from this study indicate that the blind show a domain-general advantage over sighted individuals. In addition to enhanced pitch perception abilities, the results seem to indicate differences between blind and sighted participants in how the pitch thresholds for stimuli from different domains are associated with each other.
Enhanced processing in the congenitally blind
Previous evidence indicates that congenitally blind adults show a certain degree of auditory compensation in tasks involving pitch perception. Blind adults are better at indicating pitch change direction for pure tones (Gougoux et al., 2004; Rokem and Ahissar, 2009; Voss and Zatorre, 2012; Wan et al., 2010) , and at simple and transposed melody tasks (Voss and Zatorre, 2012) . Pitch processing in the blind may rely on different neural mechanisms, such as intra and cross-modal plasticity that result in larger pitch periodicity-correlated activity in auditory areas and differential lateralization effects (Hertrich et al., 2013b) , recruitment of occipital areas during pitch processing (Collignon et al., 2011; Ross et al., 2003) , and changes in the structure of visual areas associated with enhancement of pitch perception (Voss et al., 2014; Voss and Zatorre, 2012) . Our analysis revealed that the blind are better than the sighted participants for native vowels, instrument sounds and for pure tones. Even though the blind have better thresholds for nonnative vowels as well, this difference only approached significance. These results are in line with phonetic behavioral studies conducted with the same blind cohort. In a series of production and perception experiments, it has been shown that the lack of vision influenced the articulatory movements used to implement phonemes: blind participants used smaller lip displacement than their sighted peer to produced vowel contrasts, but compensated using larger tongue displacements (Ménard et al., 2009 (Ménard et al., , 2014 (Ménard et al., , 2013 .
As for the impact of stimulus type on perception thresholds, in a Table 4 Individual and group demographic information and results for the pitch direction identification task. Music background is defined as the number of years of formal musical training. SD = standard deviation, M = male, F = female, m = month, yo = years old, RE = right eye, LE = left eye, ROP = retinopathy of prematurity, cong. = congenital, res. = residual. previous study on sighted participants, we showed an advantage for pitch processing of musical stimuli compared to vocal stimuli, regardless of the music education background of the participants (Arnaud et al., 2018, in prep) . What is surprising here is that we replicate this result for the blind group but not for the current sighted group. Indeed, in the sighted group of the current study, no difference was found between thresholds for different stimulus types. In fact, for a part of the sighted group, we observed unusually higher thresholds for instrument sounds compared to vocal sounds. Methodologically, minor differences exist between the studies. The inter-trial interval was 400 ms here and varied between 600 ms and 1 s in the previous study. The instrument stimuli were natural recordings in the first study and were synthetic in the current study. Finally, the adaptive staircase was stopped after 16 reversals here (18 in the previous study). However, these differences in the methods are minor and we believe they can't explain the discrepancy in the results. What could explain the results, however, is the age of the participants. In the first study, participants' ages ranged from 18 to 35 years old, whereas in the current study control participants were chosen to match the blind group, whose ages ranged from 25 to 65 years. In order to evaluate whether age was a significant factor in the current participants, we calculated the ratio between the music difference limen and the speech difference limen for each participant and ran a correlation analysis with age within each group. One sighted participant was excluded from the analysis because his ratio was lower than the mean minus three standard deviations. The correlation on the controls (n = 14) showed a high and significant positive association of age and the music to speech ratio (r = 0.60, p = 0.024, see Supplemental Figure) . That is, the older the participant, the higher the music difference limen compared to the speech difference limen. What is more surprising is that when we ran the same analysis within the blind group, we did not find an age-related effect (r = 0.022, p = 0.937, see Supplemental Figure) . It therefore seems that aging does not affect auditory perception in the blind in the same way as in the sighted. This finding is consistent with the conclusions of Gordon-Salant and Friedman (2011) in their study of speech perception in older blind and sighted participants. In that study, the authors showed that whereas older blind and sighted participants did not differ for normal-rate speech perception in quiet, the older blind individuals were better at perceiving time-compressed speech and speech in noise than older sighted people. In fact, the older blind participants processed speech similarly to the younger sighted controls. The authors propose that "greater attention to auditory information, which is the primary means of receiving spoken information by blind adults, may reduce the expected age-related decline in auditory temporal processing". It appears that the apparent decline in sensitivity to pitch with age is offset in the blind due to the long-term reliance on the auditory system to compensate for the loss of vision. Moreover, while there are methodological differences as noted above in our previous study participants (Arnaud et al., 2018, in prep) , the blind participants in the current study performed much better than the younger adults and comparable to the musicians. In conclusion, our results confirm that congenitally blind individuals show an advantage for pitch perception in pure tones, and extend these results to familiar speech sounds and instrument sounds and show a significantly better threshold for music stimuli than vocal stimuli, similar to younger sighted subjects.
Pitch perception processes
In addition to the comparison of pitch sensitivity, we also compared the characteristics of pitch processing in the two groups to determine (1) if the intensity shifts were used differently between the groups, and, (2) if the thresholds for the different types of stimuli were correlated. During the task, in addition to the pitch shift that was applied in an adaptive way, a random intensity shift was applied on each trial to prevent the use of the perceived intensity shift (caused by the pitch shift) to identify the pitch direction of change. Indeed, in this frequency range, a positive change in intensity can be perceived as a negative shift in pitch (and vice versa) . No main effect was found for the pitch shift direction or the intensity shift direction overall, indicating that no direction was easier than the other. As expected, analyses demonstrated that when the direction of the intensity shift was in the opposite direction of the pitch shift, it had a positive impact on the score. More importantly, no interaction with the group was found, indicating that the blind and sighted did not differ in their strategies to use intensity as a cue for pitch change.
We then tested the degree of association across the scores for the different types of stimuli. In our first study, and in the current study, all sighted participants showed a very strong and significant correlation between performance on all stimuli (all correlation coefficients in a [0.77-0.98] range), indicating that the sensitivity thresholds for pitch change for different types of stimuli rely on shared perceptual/cognitive processes.
In the blind, we see a strong association between familiar and nonfamiliar speech sounds (r = 0.69) and between familiar speech sounds and instrument sounds (r = 0.71) but less than for the sighted group. The other associations were weak (correlation coefficients in the [0.08-0.41] range) and not statistically significant. The score for pure tones was not correlated with the scores for the three other types of sounds. One reason for this result might be due to the pure tone threshold data distribution shape, which is characterized by a smaller dispersion than for the other scores (standard deviation 2-3 times smaller than for the other scores in the blind group). It appears that the discrimination thresholds for the pure tones are much less variable than for the complex sounds. This could be due to the blind reaching a ceiling in the ability to process pitch in pure tones. The variations in the strength of association between the scores in the blind suggest a difference in the strategies used to process sounds coming from different acoustic domains. The blind might be more flexible in the way they recruit additional resources to process auditory information. In our previous study, amateur musicians were better than nonmusicians in pitch change direction discrimination and demonstrated a positive correlation with training experience in the amateur musicians. Whereas differences in musical training between blind and sighted groups could explain differences in the enhanced auditory perception processes that are observed in studies in the blind, (Collignon et al., 2011; Rokem and Ahissar, 2009; Voss et al., 2014; Voss and Zatorre, 2012; Wan et al., 2010) , to control for the effect of musical training, the groups of control and blind participants in the current study were matched for musical training, and the number of years of musical training was entered as a covariate in the analysis.
The present results show a global advantage of the blind over sighted participants, which agrees with studies on compensatory effects in the blind population, that are likely due to the cross-modal plasticity reported in neuroimaging studies. Whereas the blind develop enhanced auditory acuity through neural reorganization, this acuity does not seem to be a result of musical training. In conclusion, this study extended the results of enhanced pitch perception for pure tones in the blind to more complex sounds, including speech and instrument sounds. The results point to additional differences between the groups, namely possible differences in how age impacts auditory perception in sighted Fig. 6 . Correlation matrix between FDL thresholds of blind participants. The figure shows the correlation between the log-transformed FDLs for French vowels (FV), non-native vowels (NV), pure tones (PT) and music instruments (MUS) for blind participants. Pearson's linear correlation coefficients are shown for each pair; red color indicates significant correlation corrected with Bonferroni adjustment (p < 0.0083). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) and blind adults.
